Summary.-Bilateral kidney ligation of mice immediately before injection of misonidazole (MIS) prolongs the plasma half-life of this radiosensitizer from about 2 h (in normal mice) to 10-11 h, similar to that in man. Kidney ligation does not, however, change the relative proportions of MIS and its 0-demethylated metabolite, , for the first 12 h after MIS injection. Kidney ligation was used with the two radiosensitizers, MIS and Ro-05-9963, to investigate the influence of plasma half-life both on peak plasma levels and on the tumour/plasma ratio of sensitizer concentration in the EMT6 mouse tumour.
THE HYPOXIC CELL RADIOSENSITIZER misonidazole (1 -(2-nitroimidazol-1-yl)-3-methoxypropan-2-ol, Ro-07-0582, MIS) has been shown to be highly effective in sensitizing hypoxic tumour cells (both in vitro and in vivo) to cell killing by radiation (Asquith et al., 1974; Denekamp et al., 1974; Brown, 1975) . There is also evidence of radiosensitization of human tumours by this drug (Thomlinson et al., 1976) . However, it is also apparent that the neurological side effects of MIS limit tumour levels of the drug to below optimum values for radiosensitization Urtasun et al., 1978) . Indeed, if MIS were to be given in a conventional fractionation regime, the development of peripheral neuropathy would limit plasma concentrations to ,20 ,tg/ml, for which sensitization-enhancement ratios of the hypoxic cells would not be expected to be greater than 1L1 to 1-3.
Although it is possible that such a small degree of radiosensitization of the hypoxic tumour cells could improve local control for some tumours (owing to their steep dose-response curves), it is clear that MIS is not the "optimum" hypoxic cell radiosensitizer for clinical application. Such a radiosensitizer would be as effective as MIS in its radio 33nsitizing ability, but only 1/10th as toxic. Several groups are now pursuing such a goal (Adams, 1977; Brown et al., 1978; Wardman, 1977) .
It became apparent early in our studies that the 0-demethylated metabolite of MIS (1-(2-nitroimidazol-1-yl)-2,3-propandiol, Ro-05-9963) was less toxic in mice, and hence might be a better drug for clinical application. However, we also found that Ro-05-9963 did not give as high a level of radiosensitization of tumours in vivo as MIS injected at equimolar doses (Brown et al., 1978) , though this could be entirely explained by lower tumour concentrations (Brown et al., in preparation) . In order to determine whether the lower tumour concentrations of Ro-05-9963 than MIS are due to the short plasma half-life of Ro-05-9963 in the mouse, we have examined the influence of plasma half-life on tumour concentration. Specifically the two questions were: (a) How much does the plasma half-life affect the peak plasma level? (b) How much does the plasma half-life affect the tumour/plasma ratio of drug concentrations?
MATERIALS AND METHODS
A description of the procedures for implantation of tumours, and irradiation and assay of the viability of the tumour cells has been published previously (Brown, 1975) . Brieflv, the EMT6/St/lu tumour was transplanted into 3-month-old, syngeneic BALB/c female mice, weighing 20-25 g, and irradiated at a diameter of 6-7 mm. Immediately after irradiation the tumours were removed and minced. The only modification was that the single-cell suspensions were prepared by a 30 min disaggregation using an enzyme "'cock- Bilateral kidney ligation was performed on anaesthetized mice by exteriorizing the kidneys through a 1 cm incision in the skin and abdominal wall and tying a ligature around the renal artery and vein at the renal pelvis. The abdominal incision, which was adjoining and parallel to the line of attachment of the abdominal wall with the dorsal muscles, was then closed tightly with 4 or 5 stitches, and the skin incision closed with metal clips. The sham operation was identical in all respects except for ligation of the renal artery and vein. Mice were injected with MIS or Ro-05-9963 when they had fully recovered from the anaesthetic (,2 h after the operation).
Plasma (or whole blood) and tumour levels of 2-nitroimidazoles were determined in different ways in the two laboratories represented.
In the first method, represented in Tables  I and II and Fig. 1 , tumour and plasma levels were determined on killing of individual mice, and were measured spectrophotometrically using UV absorption at 318 nm. This measures the total concentration of all 2-nitroimidazoles in the sample. The procedure used was a modification of that described by Chapman et al. (1974) . To measure plasma levels, 0 4 ml of plasma (collected from heparinized whole blood by cardiac puncture at the time of killing) was added to 2-6 nil absolute ethanol. The mixture was vortexed for 1 min, allowed to stand for 10 min and then centrifuged for 5 min at high speed (1000 g). Tumour levels were determined by preparing a 20% (w/v) homogenate of tumour in distilled water, and adding a 0 4 ml aliquot of homogenate to 2-6 ml absolute ethanol as described above. The recovery of drug added to plasma or tumour samples was 90-100%.
In experiments to measure the half-life and principal metabolites of MIS in control, sham-operated and kidney-ligated mice, the concentrations of 2-nitroimidazoles were determined by the second method: reversedphase high-performance liquid chromotography (HPLC). At appropriate times after MIS administration, serial blood samples were taken from the tail of the same mouse.
Duplicate 5 /A samples were collected in Microcap pipettes (Drummond Scientific Company), mixed with 45 ,ul water and stored at -20°C. Finally (usually at 10-12-5 h) the mice were bled by cardiac puncture and the undiluted heparinized whole blood was stored at -20°C. Blood samples were analysed for MIS and Ro-05-9963 as described previously for plasma (Workman et al., 1978a) . Concentrations in whole blood were identical to those in plasma.
Chromatograms of blood samples from kidney-ligated animals exhibited larger peaks at the solvent front than those from control and sham-operated mice. MIS is excreted in mouse urine partly as glucuronidasehydrolysable conjugate(s) of the parent drug (Flockhart et al., 1978c) . We therefore reasoned that some of the material eluting at the solvent front might include such polar conjugates. To test this, samples of 10-12 5 h whole blood were inicubated in the dark at 37°C with an equal volume of Glucurase (Sigma Chemical Company). (Glucurase is a solution of bovine liver ,B-glucuronidase buffered at pH 5; activity= 5000 Sigma units/ ml.) Aliquots were removed at 24 h and 48 h and analysed by HPLC. This treatment caused a decrease in the peak at the solvent front and a concomitant increase in the amount of MIS and Ro-05-9963. These changes were complete by 24 h. The treatment did not alter the amount of MIS and Ro-05-9963 in whole blood from control and sham-operated mice. The difference in concentration between digested and undigested whole blood gave the amount of glucuronidase-hydrolysable conjugates of MIS and Ro-05-9963. In accordance with previous convention (Flockhart et al., 1978c) (Flockhart et al., 1978b; Stone, personal communication, 1978) . For both drugs the deaths of the animals were rapid: even at doses close to the LD50 only an occasional mouse died beyond 5-6 h after injection. This, and the comatose nature of the mice, suggest death by a neurological mechanism.
Drug levels in plasma and tumour
Earlier radiation experiments with EMT6 tumours showed that low doses of Ro-05-9963 produced radiosensitization of the tumours in vivo, but unlike similar doses of MIS, the drug was not dosemodifying (Brown et al., 1978) . This suggested that the drug was not penetrating adequately to all the hypoxic tumour cells. Further experiments have been performed with 3 tumours (the EMT6 tumour, the KHT sarcoma and the RIF-1 sarcoma) and it has been found that although at injected doses of 935 mg/ kg (5 mmol/kg) Ro-05-9963 is dose-modifying, it never achieved as high a degree of radiosensitization as MIS at equimolar injected doses (Brown et al., in preparation) .
Since Ro-05-9963 and MIS have equal electron affinities, they would be expected to be equally effective as radiation sensitizers and, in fact, this appears to be the case in vitro. Adams et al. (1976) reported that Ro-05-9963 was slightly less effective than MIS in radiosensitizing V-79 cells, whereas Flockhart et al. (1968b) found that Ro-05-9963 was slightly more so. Thus it appeared that the most likely explanation of the lower radiosensitization by Ro-05-9963 in vivo would be the lower tumour concentration. Since we found maximum tumour radiosensitization at (Brown, unpublished; Workman et al., in preparation; Chin et al., 1978) : that the half-life is significantly longer with higher initial concentrations. This might be due to hypothermia and reduced metabolic rate at high drug doses, or it might be a corollary of an elimination rate with saturable kinetics.) It can be seen that despite equal peak plasma levels the plasma half-life was less for Ro-05-9963 (33 min) than for MIS (94 min). These data also confirm the conclusion from the previous experiment, that the peak plasma concentration of Ro-05-9963 is -50% Table I ). 3.5 (3.2-3 9) 2-6 (2-5-2-7) 2-6 (2.3 3-0) 2-0 (1-8-2-2) 2-1 (1.9-2.3) Sham-operated 2-3 (2-1-2-5) 2-9 (2.7-3.2) 3-6 (3.3-4.0) 2.6 (2.3-3.0) 2-5 (1-9-3-3) 2-8 (2-1-3.8)
2-6 (2-2-3-1)
Kidney-ligated 9-6 (8-2-11.5) 8-8 (6-6-13-0) 11-9 (10-8-13-3) 10-3 (9.1 11.9) 11-3 (10.0-13.0) 10-3 (8-8-12-0) *Determined using least-squares regression on the data 1-9 h after injection.
tConcentrations measured by HPLC. Table III show the results. There was a clear difference between the half-lives of MIS ( Fig. 2A) and of MIS +Ro-05-9963 (Fig. 3) in the kidney-ligated mice and in control or sham-operated mice. As can be seen from Table III , there was no significant difference between the half-lives in the control and sham-operated mice (the higher drug concentrations at each sampling time in the sham-operated mice over those in the controls (Figs. 2 and 3) are not significant, but, if real, could be the result of the anaesthetic or operation trauma).
The levels of the metabolite Ro-05-9963 build up considerably in the "nephrectomized" mice, to reach a steady-state concentration of about 0O8 mm, with no indication of any decrease at 12-5 h (Fig.  2B) . In contrast, steady-state plasma concentrations in normal and shamoperated mice were about 027 mm for up to 6 h, before declining rapidly. However, the relative proportions of Ro-05-9963 to total non-conjugated 2-nitroimidazoles (MIS+Ro-05-9963) were not significantly different at any time in control and nephrectomized mice, rising from 5% at 38 min after injection in both groups to 24% in the normal and 22% in the nephrectomized mice by 6-5 h.
As well as detecting the Ro-05-9963 metabolite, we also observed the glucuronide conjugates of both MIS and Ro-05-9963 in the plasma of nephrectomized mice (Figs. 2 and 3) at levels which were .30%O of total 2-nitroimidazoles.
These conjugates were not found in the plasma of normal and sham-operated mice.
As a further test of the comparability of the kidney-ligated and normal mice, we measured rectal temperatures at hourly intervals after MIS injection. During the first 5 h after injection all 3 groups had an identical temperature drop (5.0°C) due to the MIS injection. However, by 9 h after injection the rectal temperature of the controls had risen to within 30C of uninjected mice, whereas the kidneyligated mice had fallen still further to 7°C below the uninjected level.
The effect of prolonged half-lives on radiosensitization In order to determine whether bilateral kidney ligation would overcome the lower drug levels of Ro-05-9963 in the hypoxic, radioresistant tumour cells, a radiation experiment was made to compare the radiosensitization produced as a function of time after an injection of 2-5 mmol/kg of Ro-05-9963 or MIS into normal and bilaterally kidney-ligated mice. The results are shown in Table IV Surviving fraction in saline-injected mice the tumour concentrations, the extent of radiosensitization was less for Ro-05-9963 than for MIS at equimolar injected doses in the untreated mice, but was the same as (or slightly greater than) that for MIS when the blood flow to both kidneys was occluded before injection of Ro-05-9963.
DISCUSSION
These data show that after equimolar injected doses of Ro-05-9963 and MIS, the plasma and tumour concentrations of Ro-05-9963 are less than those of MIS by a factor of 2 or more. In other experiments it was shown that this lower tumour concentration is responsible for the lower radiosensitization produced by Ro-05-9963 (Brown et al., in preparation) . It was further shown that the lower tumour concentration of Ro-05-9963 was not due to inadequate absorption or distribution resulting from its lower lipophilicity, but was due to the short plasma half-life of the drug. When all urinary excretion of the drugs was prevented, and plasma levels remained constant for an hour or more, no differences between the tumour concentrations in the MIS and Ro-05-9963 injected mice were seen.
The significance of this lies in the fact that in man the relatively long plasma half-life of MIS almost certainly contributes to the drug's toxicity (Saunders et al., 1978) . Thus, a valid direction in drug design would be to decrease the halflife without losing the high plasma and tumour levels achievable with MIS. Since the half-life in man is -12 h (Foster et al., 1975; Dische et al., 1977; Wiltshire et al., 1978; Workman et al., 1978b) (Reidenberg, 1974 (Reidenberg, , 1977 . Kidney ligation also precludes any metabolism of the drugs by the kidney. However, since we found the ratio of Ro-05-9963 to unchanged MIS in the plasma of kidney-ligated mice to be the same as that in control mice, this possibility is probably not relevant in the present case.
The second question posed in the introductory section was to what extent does the plasma half-life affect the tumour/ plasma ratio of drug concentrations? We conclude that, for the two drugs studied and at the injected doses (5 mmol/kg), a change in plasma half-life from --30 min to 10 h does not influence the tumour/ plasma ratio. Thus, in Tables I and II it can be seen that at all times after injection of either MIS or Ro-05-9963, in either normal or kidney-ligated mice, the ratio of nitroimidazole in the tumour to that in plasma is 60-70%. This conclusion is contrary both to the generally held view (e.g. Adams, 1977; Dische et al., 1977; Stratford & Adams, 1978; Dene-kamp & Fowler, 1978) and to the inference of McNally et al. (1978) that the longer half-life of MIS in man than in mice would result in a higher human tumour/ plasma ratio. Their data, however, do not support this suggestion; they found in different mouse tumours concentrations 18-72% of that in blood, compared to a range of 42-107% of plasma levels in human tumours Dische et al., 1977; Urtasun et al., 1977) . Further, more recent clinical studies, using HPLC analysis, have shown that after the administration of MIS the concentrations of the parent drug and the metabolite Ro-05-9963 were normally in the range 50-70% of the corresponding plasma concentrations (Wiltshire et al., 1978; Workman et al., 1978b) . Thus there seems little evidence that the tumour/plasma ratio in man is generally higher than in the mouse; in both species the ratio may be a function of the individual tumour rather than of the drug's plasma half-life.
The present studies have clearly shown that tumour levels of MIS and Ro-05-9963 maintain a constant ratio to plasma concentration, but are -,.30-40% lower.
It is therefore of interest to ask why the concentrations in tumour and plasma are not equal. There appear to be two possibilities:
(i) The partitioning of the 2-nitroimidazoles from plasma to tumour is not equal. (ii) The partitioning is equal, but the nitroimidazoles are metabolized in the tumour. Data are available in support of both hypotheses. In support of the metabolism hypothesis, Varghese et al. (1976) and Flockhart et al. (1978a) have provided evidence that reduction of the nitro group in mouse tumours in vivo depends upon the particular tumour type.
In support of the partitioning hypothesis, the data of Flockhart et al. (1978c) have shown that the uptake of (2-14C) MIS by the MT mouse tumour and some normal mouse tissues was less than 100% of the plasma concentration, particularly at less than 6 h after injection. In contrast, concentrations in liver were considerably higher than in plasma. Also pertinent is the recent finding that the saliva/plasma ratio for MIS in man was less than unity (0 87i0 05) (Workman et al., 1978b) .
The extent of tumour necrosis may have an important influence on the uptake and metabolism of 2-nitroimidazoles. In man the reported concentration of MIS in necrotic fluid varies widely (Flockhart et al., 1978a) . Rauth et al. (1978) have shown that the concentration of MIS in the necrotic fluid of the KHT mouse tumour can be considerably lower than that in the whole tumour. The Stanford EMT6 tumour used in the present study contained a large necrotic centre occupying roughly 30% of the tumour volume (Brown et al., 1978) . The Cambridge EMT6 tumour is rather less necrotic, but necrosis increases with tumour size, and it is relevant that MIS concentrations are considerably lower in 300mm3 tumours than in 100mm3 ones (Workman et al., in preparation) .
